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11. Status of Higgs Boson Physics 209

11.2.4.3 SM Higgs boson branching ratios and total width
For the understanding and interpretation of the experimental

results, the computation of all relevant Higgs boson decay widths
is essential, including an estimate of their uncertainties and, when
appropriate, the e�ects of Higgs boson decays into o�-shell parti-
cles with successive decays into lighter SM ones. A Higgs boson
mass of about 125 GeV allows to explore the Higgs boson couplings
to many SM particles. In particular the dominant decay modes
are H æ bb̄ and H æ W W

ú, followed by H æ gg, H æ ·
+

·
≠,

H æ cc̄ and H æ ZZ
ú. With much smaller rates follow the

Higgs boson decays into H æ ““, H æ “Z and H æ µ
+

µ
≠.

Since the decays into gluons, diphotons and Z“ are loop induced,
they provide indirect information on the Higgs boson couplings to
W W , ZZ and tt̄ in di�erent combinations. The uncertainties in
the branching ratios include the missing higher-order corrections
in the theoretical calculations as well as the errors in the SM in-
put parameters, in particular fermion masses and the QCD gauge
coupling, involved in the decay. In the following the state-of-the-
art of the theoretical calculations will be discussed and the reader
is referred to Refs. [41–44,110] for detail.

The evaluation of the radiative corrections to the fermionic de-
cays of the SM Higgs boson are implemented in HDECAY [111]
at di�erent levels of accuracy. The computations of the H æ bb̄

and H æ cc̄ decays include the complete massless QCD correc-
tions up to N4LO, with a corresponding scale dependence of about
0.1% [112]. Both the electroweak corrections to H æ bb̄, cc̄ as
well as H æ ·

+
·

≠ are known at NLO [113] providing predictions
with an overall accuracy of about 1–2% for mH ƒ 125 GeV.

The loop induced decays of the SM Higgs boson are known fully
at NLO and partially beyond that approximation. For H æ gg,
the QCD corrections are known up to N3LO in the limit of heavy
top quarks [49,114] and the uncertainty from the scale dependence
is about 3%. For the H æ ““, the full NLO QCD corrections
are available [49, 115] and the three-loop QCD corrections have
also been evaluated [116]. The NLO electroweak corrections to
H æ gg and H æ ““ have been computed in Ref. [117]. All
these corrections are implemented in HDECAY [111]. For mH ƒ

125 GeV, the overall impact of known QCD and EW radiative
e�ects turns out to be well below 1%. In addition, the contribution
of the H æ “e

+
e

≠ decay via virtual photon conversion has been
computed in Ref. [118]. The partial decay width H æ Z“ is only
implemented at LO in HDECAY, including the virtual W , top-
, bottom-, and · -loop contributions. The QCD corrections have
been calculated and are at the percent level [119]. The theoretical
uncertainty due to unknown electroweak corrections is estimated
to be less than 5%, an accuracy that will be hard to achieve in
the measurement of this process at the LHC.

Table 11.3: The branching ratios and the rel-
ative uncertainty [43, 44] for a SM Higgs boson
with mH = 125 GeV.

Decay channel Branching ratio Rel. uncertainty

H æ ““ 2.27 ◊ 10≠3 2.1%

H æ ZZ 2.62 ◊ 10≠2
±1.5%

H æ W
+

W
≠ 2.14 ◊ 10≠1

±1.5%

H æ ·
+

·
≠ 6.27 ◊10≠2

±1.6%

H æ bb̄ 5.82 ◊ 10≠1 +1.2%
≠1.3%

H æ cc̄ 2.89 ◊ 10≠2 +5.5%
≠2.0%

H æ Z“ 1.53 ◊ 10≠3
±5.8%

H æ µ
+

µ
≠ 2.18 ◊ 10≠4

±1.7%

The decays H æ W W/ZZ æ 4f can be simulated with the

Prophecy4f Monte-Carlo generator [120] that includes complete
NLO QCD and EW corrections for Higgs decays into any pos-
sible four-fermion final state. All calculations are consistently
performed with o�-shell gauge bosons, without any on-shell ap-
proximation. For the SM Higgs boson, the missing higher-order
corrections are estimated to be roughly 0.5%. Such uncertain-
ties will have to be combined with the parametric uncertainties,
in particular those associated to the bottom-quark mass and the
strong gauge coupling, to arrive at the full theory uncertainty. A
detailed treatment of the di�erential distributions for a Higgs bo-
son decay into four charged leptons in the final state is discussed
in Refs. [43, 121].

The total width of a 125 GeV SM Higgs boson is ≈H = 4.07 ◊

10≠3 GeV, with a relative uncertainty of +4.0%
≠3.9%. The branching

ratios for the most relevant decay modes of the SM Higgs boson as
a function of mH , including the most recent theoretical uncertain-
ties, are shown in Fig. 11.2 (right) and listed for mH = 125 GeV
in Table 11.3. Further details of these calculations can be found
in the reviews [41–44] and references therein.

11.3 The experimental profile of the Higgs boson

The observation [1,2] at the LHC of a narrow resonance with a
mass of about 125 GeV was an important landmark in the decades-
long direct search [46, 122] for the SM Higgs boson. This was
followed by a detailed exploration of properties of the Higgs boson
at the di�erent runs of the LHC at

Ô
s = 7, 8 and 13 TeV.

The dataset at
Ô

s =13 TeV in the Run 2 phase of the LHC op-
eration corresponds to an integrated luminosity of about 156 fb≠1

see Table 11.4. The datasets e�ectively useful for analysis need to
take into account the data-taking e�ciency with fully operational
detectors and the data quality e�ciency. The typical total inef-
ficiency for both ATLAS and CMS is approximately 10%, where
approximately half is due to the data taking ine�ciency and half
from data quality.

In this section, most of the references for the Run 1 measure-
ments that have been updated at the Run 2 are given in the
previous version of this review [123] and are not repeated herein.

Table 11.4: The LHC pp collision centre-of-mass
energies and delivered data samples.

Year
Ô

s (TeV)
s

L.dt (fb≠1) Period
2010 7 0.04 Run 1
2011 7 6.1 Run 1
2012 8 23.3 Run 1
2015 13 4.2 Run 2
2016 13 40.8 Run 2
2017 13 50.2 Run 2
2018 13 60.6 Run 2

11.3.1 The principal decay channels to vector bosons
For a given mH , the sensitivity of a channel depends on the

production cross section of the Higgs boson, its decay branching
fraction, the reconstructed mass resolution, the selection e�ciency
and the level of background in the final state. For a low-mass
Higgs boson (110 GeV < mH < 150 GeV) for which the SM width
would be only a few MeV, five decay channels play an important
role at the LHC. In the H æ ““ and H æ ZZ

ú
æ 4¸ channels, all

final state particles can be very precisely measured and the recon-
structed mH resolution is excellent (typically 1-2%). While the
H æ W

+
W

≠
æ ¸

+
‹¸¸

Õ≠
‹̄¸Õ channel has relatively large branch-

ing fraction, however, due to the presence of neutrinos which are
not reconstructed in the final state, the mH resolution, obtained
through observables sensitive to the Higgs boson mass such as
the transverse mass, is poor (approximately 20%). The H æ bb̄

and the H æ ·
+

·
≠ channels su�er from large backgrounds and

lead to an intermediate mass resolution of about 10% and 15%
respectively.

With the increase in the size of datasets, measurements in the
most sensitive channels are now carried out di�erentially or in
exclusive modes depending on specific production characteristics.
These measurements are discussed in Section 11.6.2.4.

an incredible machine
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The LHC produces* about: 

4000 W± s / sec

1200 Z0 s / sec

17 tt s / sec

1 h0 s / sec

~0.007 h0h0 s / sec 
SM prediction

 + quark-gluon plasma

*Run II (20 Hz / nb)

http://cern.ch/theofil/
https://cmslumi.web.cern.ch/cmslumi/publicplots/peak_lumi_per_day_pp_2018NormtagLumi.png


 MC simulation
key ingredient for interpreting the LHC data and for 
designing better (S/B) experimental analyses 

entering a new phase 10 y after NLO revolution 

first NNLO simulations available (e.g. Powheg MiNNLO):  

color singlet first (e.g., V, h0), recently colored particles 
(tt) added, EW corrections available from several tools 
like Sherpa or MG5_aMC@NLO 3.X  

new PS beyond LL accuracy, devised with weighting 
techniques allow internal variations avoiding adhoc 
comparisons, e.g., Herwig vs Pythia →  new 
understanding of systematic uncertainties   

the availability of the enormous amount of MC samples 
needed for the LHC analyses, comes with their own 
challenges on the computing side 

development of concurrent running, first tests on 
GPUs e.g. MG5_aMC@NLO

4Kostas Theofilatos

thank you!

http://cern.ch/theofil/


s

5Kostas Theofilatos

ATLAS CMS ATLAS+CMS

SMP 2 3 5

TOP 2 1 3

HIG 4 4 8

BPH 1 1 2

HI 1 1 2

TOTAL 11 10 20

ATLAS and CMS have produced ~100 new  
physics results in 2021, in this talk:

ATLAS physics results      
CMS physics results

https://twiki.cern.ch/twiki/bin/view/AtlasPublic/WebHome#PhysicsGroups
https://cms-results-search.web.cern.ch


jets, V, V+jets, VV
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Z+jets high PT
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ATLAS-CONF-2021-033

exp. uncertainties ~5-14%

leading jet kinematics nicely captured from NLO MCs, 
inclusive PT(ll) is tricker (integrates all additional jets) 

http://cern.ch/theofil/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-033/


Z+jets high PT
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ATLAS-CONF-2021-033
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integrated cross 
sections are also 
provided (in good 
agreement with the 
SM predictions)

http://cern.ch/theofil/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-033/


Γ(Z →inv)
1st measurement of the Z invisible width @ hadron collider

9Kostas Theofilatos

102

105

Ev
en

ts

pmiss
T + jets

CMS Preliminary

µµ + jets ee + jets

36.3 fb°1 (13 TeV)

Data
SM prefit
SM postfit
Z(! nn) + j
W(! ln) + j
Minor
QCD multijet
Z/g§(! ll) + j

0.75
1.00
1.25

R
at

io

500 1000
°3
°1

1
3

R
es

id
ua

ls

500 1000
pmiss

T (GeV)
500 1000

ΓZ → vv is extracted as a scaling parameter 
on the Z → νν process, relative to Z → ll

Introduction

4

6

G(Z ! nn̄) =
s(Z + jets)B(Z ! nn̄)
s(Z + jets)B(Z ! ``)

G(Z ! ``) (1)

where s(Z + jets) is the cross section to produce a Z boson with initial state radiation (ISR)157

of jets, B(Z ! nn̄) is the branching fraction of Z to invisible particles and B(Z ! ``) is the158

branching fraction to leptons.159

3 Data sets and simulation160

3.1 Primary data sets, certification, and integrated luminosity161

This analysis uses proton-proton collision data at
p

s = 13 TeV taken by the CMS experiment162

in 2016 and corresponding to an integrated luminosity of 35.9 ± 0.9 fb�1 [5].163

Table 2 specifies the JSON file used to define the certified data. Table 19 lists the names of the164

primary data sets used in this analysis.165

Table 2: The JSON file used to define the certified data set of 35.9 fb�1

Cert_271036-284044_13TeV_23Sep2016ReReco_Collisions16_JSON.txt

3.2 Simulated event samples166

To extract the Z invisible width the contribution to the signal region from signal (under the167

SM width hypothesis) and background events must be known accurately. This is done by168

MC simulation of both signal and background processes which give rise to the experimental169

signature of Emiss
T and jets. Tables for the various simulated processes are shown in Tab. 4-6.170

These processes are as follows:171

Z ! nn̄: This is the signal process where a Z boson is produced in association with jets,172

where the Z decay is restricted to neutrinos only. MC samples are produced at next-to-leading173

order (NLO) in the strong coupling constant, i.e. up to O(a2a2
s), using the matrix element (ME)174

event generator MADGRAPH5 aMC@NLO 2.2.2 [6]. The MADGRAPH events are passed to the175

PYTHIA package for parton showering (PS), hadronization and particle decay. Overlap between176

the ME and PS is removed by the FXFX matching and merging technique. To populate the tails177

of phase-space the samples are generated in different boson pT bins.178

Z/g* ! ``: The reference processes used to extract the Z invisible width where a Z boson179

is produced in association with jets, where the Z decay is restricted to charged leptons. Events180

are generated at NLO with similar techniques as the Z ! nn̄ process.181

Z ! ``: A private sample is generated for this process using a configuration very similar182

to Z/g* ! `` except that only the pure Z interaction is allowed. This sample is used later to183

extract the contribution from the g⇤ interference term.184

g* ! ``: A private sample generated similar to the Z ! `` sample, however, the s-channel185

Z is forbidden leading to a g* mediated s-channel. This sample is also required for the extrac-186

tion of the g* interference terms.187

• Z invisible width extracted from ratio of experimentally measured cross sections of  Z(vv) +jets 
to Z(ll) +jets and LEP measured partial width for Z—>ll.  

• Use 35.9 fb-1 of 13 TeV data and  

• Jets+MET topology to select Z—>vv events  

• μμ+jets and ee+jets to select Z—>ll events  

• Largest background to jets+MET from W+jets events, estimated using data driven approach 
and l+jets control regions. Background from QCD is small but also estimated using data.  

• Background to Z—>ll is negligible, however contribution from γ*—>ll  and interference 
between γ*—>ll and Z—>ll is evaluated and accounted for.  

• Invisible width extracted from simultaneous fit between jets+MET, ll+jets, l+jets

input from LEP

CMS SMP-18-014

http://cern.ch/theofil/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-014/index.html


Γ(Z →inv)
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Ginv [MeV]

CMS

LEP Comb.

OPAL

L3

ALEPH
SM

CMS Preliminary 36.3 fb°1 (13 TeV)

523 ± 16 MeV

503 ± 16 MeV

539 ± 31 MeV

498 ± 17 MeV

450 ± 48 MeV

competitive with the direct 
measurement @ LEP

CMS SMP-18-014

exp. uncertainty ~3%

major systematic uncertainties [1.5-2%] from lepton selection efficiencies and JES

http://cern.ch/theofil/
http://cms-results.web.cern.ch/cms-results/public-results/preliminary-results/SMP-18-014/index.html


WWW
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ATLAS-CONF-2021-039

±e±
SR e ±µ

±SR e ±µ±µ
SR SR 3l

CR WZ0j
CR WZ1j

CR WZ2j

0.8
0.9

1
1.1
1.2

D
at

a 
/ P

re
d.

10

210

310

410

510Ev
en

ts
ATLAS Preliminary

-1 = 13 TeV, 139 fbs
Post-Fit

Data =1.66)µWWW(
WZ Non-prompt
 conv.γ Charge-flip

Other Uncertainty
Pre-Fit Bkgd.

±e±
SR e ±µ

±SR e ±µ±µ
SR SR 3l

CR WZ0j
CR WZ1j

CR WZ2j

0.8
0.9

1
1.1
1.2

Da
ta

 / 
Pr

ed
.

10

210

310

410

510Ev
en

ts

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Post-Fit

Data =1.66)µWWW(
WZ Non-prompt
 conv.γ Charge-flip

Other Uncertainty
Pre-Fit Bkgd.

Figure 2: Post-fit event yields for data, signal and background in the four SRs and three ,/ CRs. The bottom panel
shows the ratio between data and the total prediction. The uncertainty bands include both statistical and systematic
uncertainties as obtained by the fit. The signal is scaled to the fitted ` value of 1.66.

deviations, constituting the first observation of ,,, production. Measured sensitivities and signal
strengths for individual channels and also for all channels combined are listed in Table 3.

Fit Observed (expected) significances [f] `(,,,)
4
±
4
± 2.3 (1.4) 1.69 ± 0.79

4
±
`
± 4.6 (3.1) 1.57 ± 0.40

`
±
`
± 5.6 (2.8) 2.13 ± 0.47

2✓ 6.9 (4.1) 1.80 ± 0.33
3✓ 4.8 (3.7) 1.33 ± 0.39

Combined 8.2 (5.4) 1.66 ± 0.28

Table 3: Observed (expected) significances and measured signal strengths for the individual and combined channels.

The signal strength, expected and observed sensitivities are also measured separately for three data-taking
periods as well as for the 2✓ and 3✓ channels and all channels combined. The measured cross sections are
found to be consistent with each other.

The measured inclusive ?? ! ,,, production cross section is calculated from the product of the signal
strength and the theoretical cross section (511 fb), and found to be

f(?? ! ,,,) = 850 ± 100 (stat.) ± 80 (syst.) fb.

The total statistical uncertainty is 11.6% and the total systematic uncertainty is 9.5%. The largest systematic
uncertainty comes from the data-driven background estimate and is dominated by non-prompt muons.

The breakdown of the uncertainties is shown in Table 4.

7

exp. uncertainties ~12%

more on VV, see Darien Woods’ talk

first observation, 
8.2σ significance

SM expectation ~505 fb 
with pp→Wh→WWW* 

accounting for more than 
the half of the total cross 
section

WWW final state 
sensitive to triple & 
quartic couplings4 channels 

BDT

http://cern.ch/theofil/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-039/


Inclusive Jets @ 13 TeV

CMS jet data together with the HERA DIS measurements and CMS 
top pair production cross section are used to constrain PDFs, aS 

and mtop simultaneously 

12Kostas Theofilatos
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Inclusive Jets @ 13 TeV

Although jet data have no direct sensitivity to mtop, their influence on the gluon PDF 
and aS can be reflected in mtop

13Kostas Theofilatos

CMS SMP-20-011

6. QCD analysis 23
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Figure 13: The profiled Wilson coefficient c1 for the contact interaction models assuming the
left-handed, vector-like, and axial-vector like scenarios, obtained in the profiling analysis at
NLO, for the value of L = 10 TeV. The results are obtained using the CMS inclusive jet cross
sections at

p
s = 13 TeV at NLO and NNLO, and also CMS tt triple-differential cross sections.

The uncertainties correspond to 68% CL.

12 parameters is used:

xg(x) = AgxBg(1 � x)Cg(1 + Egx2), (14)

xuv(x) = Auv
xBuv (1 � x)Cuv (1 + Duv

x), (15)

xdv(x) = Adv
xBdv (1 � x)Cdv , (16)

xU(x) = AUxBU (1 � x)CU , (17)

xD(x) = ADxBD(1 � x)CD . (18)

The values of the strong coupling and of the top quark pole mass are obtained simultaneously
with the PDFs, mitigating therefore the correlations among those. The resulting values of the
strong coupling and of the top quark pole mass are

aS(mZ) = 0.1177 ± 0.0014(fit) ± 0.0022(model and param.), (19)

mpole
t = 170.2 ± 0.6(fit) ± 0.1(model and param.) GeV. (20)

The scale uncertainties are considered within the model uncertainties, as described in 6.4. The
value of aS(mZ) is consistent with the world average and the result of the profiling study. The
value of the top quark mass agrees well with the result of the CMS QCD analysis of Ref. [22]
and an improvement in its precision is addressed to the improved gluon distribution and the
stron coupling constant due to inclusion of the jet measurements in the fit.

Since the HERA DIS data alone have significantly reduced sensitivity to aS(mZ), its value in
the HERA-only fit is fixed to the result of the HERA+CMS analysis. The partial and global c2
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Inclusive Jets @ 5 TeV
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exp. uncertainties ~5-15%
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Figure 9: Particle-level fiducial phase-space cross-section times branching ratio. The shaded (red) bands indicate the
statistical, detector, and modelling uncertainties. The P����� + P�����8 event generator is used as the nominal
prediction to correct for detector e�ects. The uncertainty associated with the nominal P����� + P�����8 signal
model includes the statistical, scale, PDF, and NNLO+NNLL total inclusive prediction uncertainty. Other predictions
show only the statistical uncertainty of the MC calculations. IFSR refers to both initial- and final-state radiation.
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tt (all hadronic)

pT(tt) sensitive to extra radiation, Powheg+Py8 with more ISR 
describes better the data compared to the nominal Powheg+Py8 

m(tt) > 1 TeV, all predictions have similar level of agreement with 
the data

17Kostas Theofilatos

ATLAS-CONF-2021-050

2−10

1−10

1

10

210

]-1
 [T

eV
t,1 T

dp
σ

d  
σ1

Data
PWG+Py8
MG5_aMC@NLO+Py8
PWG+H7.1.3
PWG+Py8 (more ISR)
PWG+Py8 (less ISR)

 Sys. Unc.⊕Stat. 
Stat. Unc.

 PreliminaryATLAS
-1=13 TeV, 139 fbs

Boosted all-hadronic
Fiducial particle level

0.6 0.8 1 1.2 1.4 1.6 1.8 2

 [TeV]t,1
T

p

0.8
0.9

1
1.1
1.2

Da
ta

Pr
ed

ict
io

n

(a)

2−10

1−10

1

10

210

]-1
 [T

eV
t,2 T

dp
σ

d  
σ1

Data
PWG+Py8
MG5_aMC@NLO+Py8
PWG+H7.1.3
PWG+Py8 (more ISR)
PWG+Py8 (less ISR)

 Sys. Unc.⊕Stat. 
Stat. Unc.

 PreliminaryATLAS
-1=13 TeV, 139 fbs

Boosted all-hadronic
Fiducial particle level

0.5 1 1.5 2

 [TeV]t,2
T

p

0.8
0.9

1
1.1
1.2
1.3

Da
ta

Pr
ed

ict
io

n

(b)

2−10

1−10

1

10

]-1
 [T

eV
tt

dm
σ

d  
σ1

Data
PWG+Py8
MG5_aMC@NLO+Py8
PWG+H7.1.3
PWG+Py8 (more ISR)
PWG+Py8 (less ISR)

 Sys. Unc.⊕Stat. 
Stat. Unc.

 PreliminaryATLAS
-1=13 TeV, 139 fbs

Boosted all-hadronic
Fiducial particle level

1 1.5 2 2.5 3 3.5 4

 [TeV]ttm

0.8
0.9

1
1.1
1.2
1.3
1.4

Da
ta

Pr
ed

ict
io

n

(c)

2−10

1−10

1

10

210]-1
 [T

eV
tt T

dH
σ

d  
σ1

Data
PWG+Py8
MG5_aMC@NLO+Py8
PWG+H7.1.3
PWG+Py8 (more ISR)
PWG+Py8 (less ISR)

 Sys. Unc.⊕Stat. 
Stat. Unc.

 PreliminaryATLAS
-1=13 TeV, 139 fbs

Boosted all-hadronic
Fiducial particle level

1 1.5 2 2.5 3

 [TeV]tt
TH

0.8
0.9

1
1.1
1.2
1.3

Da
ta

Pr
ed

ict
io

n

(d)

Figure 10: Normalized particle-level fiducial phase-space di�erential cross-sections as a function of (a) the transverse
momentum of the leading top-quark jet, (b) the transverse momentum of the second-leading top-quark jet, (c) the
invariant mass of the tt̄ system, and (d) the scalar sum of the transverse momenta of the top-quark jets. The gray
bands indicate the total uncertainty on the data in each bin. Data points are placed in the center of each bin. The
P�����+P�����8 MC sample is used as the nominal prediction to correct data to particle level.
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ATL-PHYS-PUB-2021-034

in direct measurements, data 
are compared to multiple MCs 
assuming different values of 
mtMC, but mtMC is not trivially 
connected to mtpole

a new ATLAS analysis connects 
mtMC with a well defined pQCD 
calculation at NLL, mtMSR(R = 
1GeV) which is numerically 
close to mtpole, by calibrating 
the prediction to different 
templates of Powheg+Py8 MC

in Figure 10. For each pair of parameters the two-dimensional distribution is obtained by marginalizing
over the third parameter. The three parameters remain highly correlated even in the fit to three ?T bins, as
the degeneracy is only lifted partiallly by the di�erent scaling with ?T.

The marginalized results for the MSR mass, ⌦��

1@ and G2 are given by:

<
"('
C (' = 1 GeV) = 172.42 ± 0.10 GeV, ⌦��

1@ = 1.49 ± 0.03 GeV, G2 = 0.52 ± 0.09,

where the associated uncertainty corresponds to the statistical uncertainty due to the limited Monte Carlo
sample.

The relation between the MSR mass and the Monte Carlo mass parameter is obtained by fitting the
particle-level MC prediction without Underlying Event modelling (i.e. MPI=o�, but FSRinRES=on) :

<
MC
C = <

MSR
C (1 GeV) + 80+350

�410 MeV, (1)

where the uncertainty includes a statistical contribution (±100 MeV) and systematic contributions due to
missing higher orders in the NLL calculation (+230/�310 MeV), due to the uncertainty associated to the
fit methodology (±190 MeV), and due to the Underlying Event uncertainty (±155 MeV). The MC mass is
compatible, with the MSR mass, given the uncertainty.

The MSR mass is numerically close to the top quark pole mass, within the intrinsic uncertainty of
140 MeV due to the pole mass renormalon ambiguity. Therefore, the pole mass interpretation of the MC
mass parameter is validated to ⇠ 0.5 GeV, the precision that is usually assigned to this identification [20].

Carrying out fits with a pole mass parameter (as opposed to the scale dependent MSR mass) in the NLL
predictions, a mass relation is obtained that can be compared to the equivalent fits in Ref. [42]:

<
MC
C = <

pole
C + 350+300

�360 MeV, (2)

where the uncertainty is calculated in the same way as for Eq. 1. The scale uncertainties determined in
Section 5 are slightly smaller for the fixed pole mass than for the MSR mass, as the MSR mass dependence
on the scale ' allows it to assess a source of uncertainty that is not assessed by scale variations for the pole
mass.

6.3 Internal variations in the nominal sample

To determine the modelling uncertainties of ATLAS top physics analyses, many aspects of the CC̄ production
process and the hadronization are varied in variations of the nominal sample. These variations are accessible
via reweighting of the nominal Monte Carlo sample. The fit between the jet mass distribution and the NLL
prediction were repeated for all variations.

The results are shown in figure 11. The alternative models include variations of the value of the strong
coupling constant UB, of the renormalization and factorization scales, of the PDFs, of Initial and Final State
Radiation (ISR and FSR) and two eigentune variations of the A14 tune. Most of these variations have a
very small impact on the jet mass distribution, and lead to variations of the best-fit MSR mass of tens of
MeV. The jet mass from boosted tops appears to be a robust observable, insensitive to these aspects of
Monte Carlo generation.

The main exception is the down variation of the rate of final state radiation, where the central mass value
is shifted downwards by 110 MeV. The di�erent mass value is accompanied by a higher value of ⌦��

1@ =
1.6 GeV and lower value of G2 = 0.42.
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more on top, see Rohin Thampilali Narayan’s talk
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observation of all main: 
production modes ggF, qqH, VH, ttH 

& decay modes γγ, ΖΖ, WW, ττ, bb and evidence for µµ 

The best-fit estimates for the 
reduced coupling modifiers extracted 
for fermions and weak bosons from 
the resolved κ framework model 
compared to their corresponding 
prediction from the SM.
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within uncertainties, all measurements consistent (so far) with the 
hypothesis that the H boson is a CP-even fundamental scalar
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110 120 130 140 150 160

10000

20000

30000

40000

50000

E
ve

n
ts

 /
 G

e
V

ATLAS Preliminary
-1 = 13 TeV, 139 fbs

Data

Fit

Background

 = 125.09 GeV
H

m, γγ→H

110 120 130 140 150 160
 [GeV]γγm

500−

0

500

1000

1500

D
a

ta
-B

a
ck

g
ro

u
n

d

80 100 120 140 160
 (GeV)l4m

0

20

40

60

80

100

120

140

160

180

200

220

240

Ev
en

ts
 / 

2G
eV Data

H(125)
*γZZ, Z→qq
*γZZ, Z→gg

Z+X

 (13 TeV)-1137.1 fbPreliminary 2016 + 2017 + 2018 CMS

Figure 11.3: (Left) The invariant mass distribution of diphoton candidates, with each event weighted by the ratio of signal-to-background
in each event category, observed by ATLAS [125] at Run 2. The residuals of the data with respect to the fitted background are displayed
in the lower panel. (Right) The m4¸ distribution from CMS [126] Run 2 data.

independent and not constrained to the expected rate (µ = 1) for
the SM Higgs boson.
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Figure 11.4: Summary of the CMS and ATLAS mass measure-
ments in the ““ and ZZ channels in Run 1 and Run 2.

Figure 11.4 summarizes all measurements of the Higgs bo-
son mass, including the individual and combined Run 1 measure-
ments [127] and the Run 2 measurement by ATLAS [132] and
CMS [130,133] for both the diphoton and the 4¸ channels.

In the diphoton channel, as discussed in Section 11.5.3.2, a mass
shift is expected to be induced by the deformation of the mass
line-shape of the signal in presence of background, from the inter-
ference between the Higgs boson production and the continuum
irreducible background. It is a small but non negligible e�ect of
approximately 35 MeV [134] for a Higgs boson width close to that
of the SM. This e�ect could be larger if the width of the Higgs
boson were to be substantially larger. This e�ect estimated by
ATLAS with a full simulation is still relatively small with respect
to the total uncertainty on the mass and is therefore neglected.

11.3.1.4 H æ W
+

W
≠

æ ¸
+

‹¸
≠

‹

In this intricate channel, experiments search for an excess of
events with two leptons of opposite charge accompanied by miss-
ing energy and/or jets. A typical event selection is described
below in order to give an idea of the main challenges. Specific se-

lections vary between experiments and between Run 1 and Run 2
analyses. Events are divided into several categories depending on
the lepton flavour combination (e+

e
≠

, µ
+

µ
≠and e

±
µ

û) and the
number of accompanying jets (Njet = 0, 1, Ø 2). In the ATLAS
analysis, the Njet Ø 2 category is optimised for the VBF pro-
duction process by selecting two leading jets with a large pseudo-
rapidity di�erence and with a large mass (mjj > 500 GeV).

Backgrounds contributing to this channel are numerous and
depend on the category of selected events. Reducing them and
accurately estimating the remainder is a major challenge in this
analysis. For events with opposite-flavour leptons and no ac-
companying high pT jets, the dominant background stems from
non-resonant W W production. Events with same-flavour leptons
su�er from large Drell–Yan contamination (note that also the
opposite-flavour leptons analysis has Drell–Yan · ·̄ background in
0-jet category). The tt̄ , tW and W + jets (with the jet misidenti-
fied as a lepton) events contaminate all categories. Non-resonant
W Z, ZZ and W “ processes also contribute to the background at
a sub-leading level.

A requirement of large missing transverse energy (E
miss
T

) is used
to reduce the Drell–Yan and multijet backgrounds. In the e

+
e

≠

and µ
+

µ
≠ categories, events with m¸¸ consistent with the Z mass

are vetoed. The tt̄ background is suppressed by a veto against
identified b-jets or low pT muons assumed to be coming from
semi-leptonic b-hadron decays within jets (this soft muon veto
was not applied anymore in Run 2 analysis) and tight isolation
requirements diminish the W +jets background. The scalar na-
ture of the Higgs boson and the V ≠ A nature of the W boson
decay implies that the two charged leptons in the final state are
preferentially emitted at small angles with respect to each other.
Therefore the dilepton invariant mass (m¸¸) and the azimuthal
angle di�erence between the leptons (∆„¸¸) are used to discrimi-
nate between the signal and non-resonant W W events [135]. The
transverse mass, constructed from the dilepton pT (p¸¸

T
), E

miss
T

and the azimuthal angle between E
miss
T

and p
¸¸

T
, is defined as

mT =
Ò

2p
¸¸

T
E

miss
T

(1 ≠ cos ∆„
E

miss
T

¸¸
) and serves as an e�ective

discriminant against backgrounds. The transverse mass variable
also tracks the Higgs boson mass but with a poor mass resolution.
Background rates except for the small contributions typically from
non-resonant W Z, ZZ and W “ are evaluated from data control
samples with floating normalisation.

ATLAS fitted the mT distributions and observed an excess at
mH = 125.36 GeV with a local significance of 6.1‡ similar to that
expected from a 125 GeV SM Higgs boson. The measured inclusive

CMS HIG-19-006
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H → tau tau (differential) 

First differential measurement using H → ττ mode 

bins of PT(H), Njets, PT(j1) 

at high pT, competitive precision wrt other final states e.g., ZZ, WW
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6

Events are distributed in different categories, which separate the different production modes
of the Higgs boson, corresponding to stage-0 processes in the STXS scheme. The 0-jet category
collects events with no reconstructed jet. The signal entering this category corresponds essen-
tially to the ggF production mode. The VBF category targets the VBF production of the Higgs
boson. The selection is based on the presence of at least two jets with a large invariant mass or
a large pseudorapidity separation. The background contributions are much smaller than in the
0-jet category. All other events enter the so-called ”boosted category”, which contains mostly
ggF events with a Higgs boson recoiling against one or several jets, but also small contributions
from VBF events that did not pass the VBF category selection, or from Higgs bosons produced
in association with a vector boson decaying hadronically.

The three categories above are further subdivided to provide additional sensitivity to individ-
ual processes in the stage-1 of the STXS scheme. The definition of the stage-1.2 processes is
illustrated in Figs 1 and 2 for the ggH and qqH groups, respectively. In the STXS 1.2 scheme
for the qqH process, events with 2 jets with an invariant mass above 350 GeV are primarily di-
vided based on whether p

H
T is less or greater than 200 GeV, with further subdivisions according

to mjj. Therefore the VBF category in the analysis is subdivided into two: events with recon-
structed p

H
T less or greater than 200 GeV. The division of the boosted category is based on the

STXS 1.2 scheme for ggF events with at least one jet. The primary subdivision is based on the
number of jets, while the secondary subdivision relies on p

H
T . The boosted category is thus sep-

arated into a boosted category with 1 jet, and a boosted category with at least 2 jets. The 0-jet
category is not split because the reconstructed p

H
T resolution is too poor to efficiently separate

events with p
H
T less than or above 10 GeV. This leads to 5 categories for each final state.

ggH#0#jet# ggH#>#1#jet#

ggH#200#<#pTH#<#300#GeV#

ggH#pTH#>#300#GeV#

ggH#1#jet#low#pT#

ggH#1#jet#med.#pT#

ggH#1#jet#high#pT#

ggH#low#mjj#
Medium#mjj#

High#mjj#

Figure 1: Binning of the ggH production in the STXS stage 1.2 scheme. The dashed black
boxes indicate the process-based merging detailed in Section 9. The green boxes indicate the
differences in merging for the topology-based merging explained in the same section.

In each category two-dimensional (2D) distributions are built. The observables are chosen to
separate the signal from the backgrounds, and to provide sensitivity to the individual STXS
stage-1 processes, as the categories only separate the primary groups of STXS processes. One
of the observables is always the reconstructed di-t mass, mtt . In the 0-jet category of the eth
and µth final states, the pT of the th candidate is taken as a second observable, as the contribu-
tion from backgrounds with misidentified th candidates significantly decreases with pT. In the
eµ and thth final states, where the sensitivity to 0-jet signal events is low, no second observable

7. Background estimation 7

qqH#BSM##

qq
H#
hi
gh
#m

jj#
Hi
gh
#m

jj#
#

qqH#low#mjj#
Medium#mjj##

qqH#non?VBF#topology#

Figure 2: Binning of the qqH production in the STXS stage 1.2 scheme. The dashed black
boxes indicate the process-based merging detailed in Section 9. The green boxes indicate the
differences in merging for the topology-based merging explained in the same section.

is chosen, and one-dimensional distributions are used. In the VBF category, the second observ-
able is mjj. In addition to aligning with the definition of the STXS stage-1 VBF processes, using
this variable as observable increases the analysis sensitivity to the VBF process as a whole since
the signal-to-background ratio quickly increases with mjj. In the boosted categories, the second
observable is the reconstructed p

H
T .

The category definitions, as well as the observables per category, are summarized in Table 2.
Figure 3 shows the composition of the subcategories in terms of the STXS stage-1 processes for
the thth final state. In the boosted categories, the signal is generally composed of at least 50%
of the corresponding STXS category, but there are migrations between adjacent p

H
T categories

because of the limited resolution of the reconstructed p
H
T , as well as contributions from ggH

events with 0 jet in the low p
H
T subcategories, and from VBF events with 1 jet or with 2 jets

with low mjj in the boosted subcategories with higher p
H
T . The level of migration is similar in

data and in simulations since all these observables are well described by simulated events. In
the VBF categories there is a mixture of ggH and VBF events with high mjj, as well as limited
contributions from gluon fusion events with lower mjj but high p

H
T . The VBF categories with

mjj > 700 GeV are subdivided with additional mjj thresholds going up to 1800 GeV depending
on the category and final state. This binning provides an additional separation between the
gluon fusion and VBF events in the VBF categories.

7 Background estimation

To estimate the background contribution from SM processes, several techniques are used. For
the dominant backgrounds, which contain either two true t or at least one jet misidentified as
one of the t candidates, data-driven techniques are used and are described in the following sec-
tions. The contributions from diboson, tt+jets, and single top quark productions are estimated
from simulation. The Z ! ee/µµ process is also estimated from simulation, but dedicated
corrections measured in data are applied to describe this background accurately. These correc-
tions mostly consist in a reweighting of the Z pT distribution as determined from Z ! µµ data,

contrary to the fiducial cross 
section measurements here 
the xs is measured per 
production mode in pre-
defined mutually exclusive 
bins, allowing the combination 
with other decay modes

CMS HIG-19-010
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• (Re)perform the individual 
measurements combining the 
systematic constraints


• Very good agreement with 
standalone fits


• Very good agreement with SM 
expectations


• pSM = 79% (21 d.o.f)

Fitting all the production modes and decays together
Higgs boson Production and Decays

7
4− 2− 0 2 4 6 8

 B normalised to SM× σ

0.5−

26
Total
Stat.
Syst.
SM

 PreliminaryATLAS
-1 = 13 TeV, 36.1 - 139 fbs

 = 125.09 GeVHm
 = 79%

SM
p

              Total      Stat.     Syst.
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likelihood level combination 
of all decay modes  

total signal strength 

the new ATLAS combination 
has decreased 
uncertainty wrt the 
previous one by ~10%

µ = 1.057+0.064
�0.062
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ATLAS-CONF-2021-053

more about Higgs 
measurements in Giulia 
Di Gregorio’s talk

http://cern.ch/theofil/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-053/
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the ⌫+
2
! �/kc+ candidate. Contribution of such decays can create structures in the left sideband of the

⌫
+
2
! �/kc+ signal peak that could not be described by a smooth shape of the combinatorial background

PDF. MC studies show that the dominant contribution to such decays comes from the ⌫+
2
! �/kd+ decay,

with d+ decaying to c+c0, while other decays, even if present, demonstrate fairly smooth dependence on
<(�/kc+) that can be absorbed by the functional form used to model the combinatorial background.

The ⌫+
2
! �/kd+ decay is a transition of a pseudoscalar to two vector states and, similarly to ⌫+

2
! �/k⇡⇤+

B
,

can be described in terms of three helicity amplitudes. The contributions corresponding to A±± and
A00 amplitudes have significantly di�erent shape of <(�/kc+). Therefore, to model this background
in the fit, the two templates for these contributions are made from the simulation using adaptive kernel
estimate technique and added to the fit PDF, leaving their relative fraction a free parameter. The overall
normalisation of this PRD component is left free as well.

A small peaking background from CKM-suppressed ⌫+
2
! �/k + decay events is expected in data, which

behaves similarly to signal. The PDF for this contribution is produced from simulation of the ⌫+
2
! �/k +

channel using adaptive kernel estimate technique. The relative fraction of yields of ⌫+
2
! �/k + and

⌫
+
2
! �/kc+ is fixed according to the reconstruction e�ciencies (nearly equal between the modes) and

the relative branching fraction [24].

The mass and width of the ⌫+
2
! �/kc+ signal and its yield, #

⌫
+
2!�/kc

+ , obtained from the fit are given in
Table 2. The fitted ⌫+

2
mass is in a good agreement with the world average value [24] and the width agrees

with the MC simulation. Figure 3 shows the <(�/kc+) mass distribution with the overlaid projection of
the fit and of the signal and individual background components.

Table 2: Parameters of the ⌫+
2
! �/kc+ signal obtained with the unbinned extended maximum-likelihood fit. Only

the statistical uncertainties are included. No e�ciency correction is applied to the signal yield.

Parameter Value

<
⌫
+
2

[MeV] 6274.5 ± 1.5
f
⌫
+
2

[MeV] 47.5 ± 2.5
#
⌫
+
2!�/kc

+ 8440+550
�470

5 Measurement of the decay parameters

The ratio of the branching fractions of ⌫+
2
! �/k⇡ (⇤)+

B
and ⌫+

2
! �/kc+ decays is given by

'
⇡

(⇤)+
B /c+ =

B(⌫+
2
! �/k⇡ (⇤)+

B
)

B(⌫+
2
! �/kc+) =

#
DS1
⌫
+
2!�/k⇡ (⇤)+

B

#
⌫
+
2!�/kc

+
⇥

n
⌫
+
2!�/kc

+

n
DS1
⌫
+
2!�/k⇡ (⇤)+

B

⇥ 1
B(⇡+

B
! q( +

 
�)c+) , (2)

and the ratio between the branching fractions of ⌫+
2
! �/k⇡⇤+

B
and ⌫+

2
! �/k⇡+

B
is3

3 We assume that B(⇡⇤+
B

! ⇡
+
B
-) is 100%.
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exceeds the precision of all 
previous measurements

J/ψ used to trigger the decay 
of interest Bc+ → J/ψ Ds(*)+ 

Bc+ → J/ψ π+ as reference

All the ratios of branching fractions are well 
described by the theoretical predictions

http://cern.ch/theofil/
https://atlas.web.cern.ch/Atlas/GROUPS/PHYSICS/CONFNOTES/ATLAS-CONF-2021-046/
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its existence will help distinguishing 
among different models predicting the 
properties of the excited Ξb states 

http://cms-results.web.cern.ch/cms-results/public-results/publications/BPH-20-004/index.html
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Global Subtractions 

● qT subtraction: 

– Resolution variable: boson transverse momentum qT

– Successfully applied to essentially all diboson processes

– Only for color-single final state:

● Does not resolve double unresolved from NLO singular limit

● N-Jettiness

– More generic variable than qT, catches all IR behaviors also for jet 
processes (universal).

– All ingredients for NNLO of most V+1 jet processes available.

[Catani, Grazzini 2007] 

Same qT 
 

[Stewart, Tackmann, Waalewijn 2010; Gaunt, Stahlhofen, Tackmann, Walsh 2015]
[Boughezal, Focke, Liu, Petriello 2015] 
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the “medium” is 
transparent for the 
colorless Z0 but not 
for its hadronic recoil

Z0QGP

pT(Z0) is unaffected 
by the medium and 
informs us about the 
scale of the hadronic 
recoil

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.072301
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ratio of particle yields between 
Pb+Pb and 𝑝𝑝 collisions (IAA)
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Figure 3: The �AA ratio as a function of ?ch
T in data compared with theoretical calculations (see text), for the selection

�q > 3c/4. The vertical bars and boxes correspond to the statistical and systematic uncertainties, while the shaded
bands represent the theoretical uncertainty (statistical for JEWEL, Hybrid, and CoLBT-hydro, parametric for SCETG).
The �AA is shown for 0–10% Pb+Pb events for ?/T = 15–30 GeV (left), 30–60 GeV (center) and > 60 GeV (right).

In conclusion, this Letter presents a measurement of charged-particle yields produced in the azimuthal
direction opposite to a / boson with ?T > 15 GeV. The measurement is performed using 260 pb�1 of
?? and up to 1.7 nb�1 of Pb+Pb collision data at 5.02 TeV with the ATLAS detector at the Large Hadron
Collider. The per-/ yields are systematically modified in Pb+Pb collisions compared with ?? collisions
due to the interactions between the parton shower and the hot and dense QGP medium. The charged-particle
?T distribution in Pb+Pb collisions is softer than that in ?? collisions, with a suppression at high ?ch

T and
an enhancement at low ?ch

T . The degree of modification varies with Pb+Pb event centrality, consistent
with a larger and hotter QGP being created in more central events. At high ?/T , the modification pattern
is qualitatively similar to that observed in measurements of photon-tagged jet fragmentation functions.
In addition to the particular theoretical comparisons presented here, the data will allow systematic tests
of models across centrality and ?/T selections. The data can also test energy loss models for low-?T
partons that are otherwise di�cult to access experimentally at the LHC, but which are valuable for direct
comparison to future measurements at RHIC
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azimuthal decorrelations and pTtrk losses (not show here) 
consistent with the hypothesis that the “hard” parton 
loses energy (i.e., jet quenching) and/or the medium 
induces modification of the parton shower.
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Figure 2: Upper: Distributions of xtrk,Z
T in pp collisions compared to PbPb collisions (left to
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systematic uncertainties, respectively. Several model calculations are added for comparison:
Hybrid [27], CoLBT [23, 48], and SCETG [46].
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Figure 3: Similar plots as Fig. 2, but for the 1/NZ dNtrk,Z/dp
trk
T distributions.

regions, as is illustrated in the Hybrid model, where calculations with and without wake are
indistinguishable. In this region, there is good agreement between data and the SCETG and the
Hybrid calculations. At low-p

trk
T and high-xtrk,Z

T , the increase in the charged particle yield can
only be reproduced if a feed-back from the medium is considered. In these regions, both the
Hybrid with wake and CoLBT models captures the general features seen in data, including the
expected weakening of medium effects at higher pT values from 0–30 to 30–50% PbPb event
centralities.
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Summary
Interesting physics with heavy ion data and decays of B-
hadrons, from the two general purpose detectors @ LHC. 

In the realm of the standard model, top & higgs many new 
results in 2021, more precision is desirable.  

For each ~10% improvement in precision, we have to make 
non trivial advancements in the analyses.  

In all shown, the role of accurate MCs for designing better 
analyses (S/B) and for interpreting the results is indispensable.  
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CMS HIG-19-001

https://cms-results.web.cern.ch/cms-results/public-results/publications/HIG-19-001/index.html


H → γγ (STXS)

40Kostas Theofilatos

CMS HIG-19-015ATLAS-CONF-2020-026
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H → ZZ (STXS)
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CMS HIG-19-001HIGG-2018-28
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